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RESEARCH  ON  MATERIALS  AND  COMPONENTS  FOR 
OPTO-ELECTRONIC  SIGNAL  PROCESSING  AND  COMPUTING 

1.  INTRODUCTION 

It  has  been  recognized  for  sometime  that  optical  signal  processing  holds  considerable 
promise  for  high  speed  signal  processing  in  DoD  applications.  For  example  optical  computing, 
neural-network  and  optical  fiber  communications  are  some  of  the  current  military  research 
interests.  However,  characteristics  of  the  materials  and  components  (including  microfabrication 
processing  technology)  must  be  improved  substantially  before  the  full  potential  of  combined 
opto-electronic  signal  processing  can  be  realized. 

In  ni-V  compound  semiconductors,  optical  devices  such  as  lasers  and  detectors  have 
already  been  realized  and  used  in  many  applications.  High  speed  electronic  devices  such  as  the 
GaAs  MESFET,  the  HEMT  and  the  HBT  have  also  been  demonstrated.  Electronic  and  optical 
devices  may  potentially  be  integrated  monolithically  on  the  same  chip.  The  advantages  of 
integrated  opto-electronic  signal  processing  include  high  speed  of  operation,  parallel  processing, 
versatility,  capability  for  complex  interconnections  and  reliability  and  convenience  of  optical- 
electronic  signal  conversion.  Recent  advancements  in  the  research  of  heterojunctions,  quantum 
well  and  superlattice  III-V  compound  semiconductor  structures  have  already  demonstrated 
unique  electronic  and  optical  properties  such  as  high  mobility  in  modulation  doped  structures, 
large  nonlinear  optical  effect  and  sharp  tunable  exciton  lines  at  room  temperature.  The 
heterojunction,  quantum  well  and  superlattice  structures  of  these  materials  offer  many 
potentially  exciting  "material  engineering"  opportunities,  critically  needed  for  the  development 
of  novel  components.  If  there  is  a  material  and  device  technology  that  may  catalyze  the  future 
advancements  in  high-speed  optical/electronic  technology  with  far  reaching  consequences  such 
as  silicon  had  done  for  microelectronics,  it  is  the  technology  based  on  III-V  semiconductors  and 
related  ternary  and  quaternary  alloys. 
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The  electronic  and  optical  properties  of  some  semiconductor  MQW’s  can  be  designed  for 
specific  applications  by  changing  the  effective  thickness  of  the  III-V  compound  semiconductor 
layers  and  the  alloy  composition  of  the  heterojunction  structures  which  make  up  such  MQW’s. 
Additional  flexibility  is  available  in  varying  these  properties  and  can  be  obtained  by 
accommodating  lattice-mismatched  layers  by  the  introduction  of  uniform  layer  strains  so  that  no 
misfit  dislocations  are  generated  at  the  MQW  interfaces.  Strained  layer  (SL)  MQW’s  have  a 
lattice  constants  parallel  to  the  MQW  interface,  oT,  which  is  a  strong  function  of  the  layer 
structure,  the  layer  thickness,  the  elastic  constants  and  the  shear  moduli  of  the  alloys  It  is,  in 
fact,  possible  to  vary  the  composition  of  the  MQW  and  the  layer  thickness  while  keeping  a'fixed 
and  this  suggests  the  possibility  of  varying,  correspondingly,  a  number  of  electronic,  optical  and 
electro-optic  properties,  including  the  fundamental  bandgap  Eg.  The  InxGai_xAs/GaAs  SL 
structure  is  of  particular  interest  because  In^Gai-xAs  encompasses  a  wide  range  of  Eg,  from  that 
of  InAs,  Eg  =  0.36  eV  to  that  of  GaAs,  Eg  =  1.42  eV  at  room  temperatures.  It  is  of  interest  for 
spatial  light  modulator  applications  because  the  GaAs  substrate  used  to  grow  the  MQW  is 
transparent  for  x  >  0  in  the  vicinity  of  Eg  of  the  InxGai.^As  MQW.  In  contrast,  the  GaAs 
substrate  of  the  AlyGai_yAs/GaAs  MQW  structures  must  be  etched  away  for  spatial  light 
modulation  in  order  to  avoid  rate  attenuation.  Moreover  the  silicon  doping  of  AlyGai_yAs 
introduces  deep  level  traps,  p.  .ularly  for  y  >  0.2  and  these  traps  are  responsible  for  the 
persistent  photoconductive  effects  at  low  temperatures.  These  centers  may  affect  the  speed  of 
spatial  modulation.  To  first  order  there  seem  to  be  no  such  problems  with  the  In^Gai-^As/GaAs 
system. 

During  the  period  of  this  research  grant  we  have  focused  our  effort  on  the  investigation  of 
InxGai-xAs/GaAs  multiple  quantum  well  (MQW)  strained  layer  (SL)  structures  grown  by  the 
molecular  beam  epitaxy  (MBE)  method  for  spatial  light  modulation  (SLM)  applications.  In  the 
beginning  of  the  grant  period  a  Gate  Controlled  Photo  Diode  was  also  investigated.  This 
investigation  was  terminated  on  July  1st,  1986.  Nevertheless  it  constituted  the  Ph.D.  Thesis  of 
C.  C.  Sun.  A  paper  entitled  "A  New  Semiconductor  Device  -The  Gate-Controlled  Photodiode: 


-4- 


Device  Concept  and  Experimental  Results"  was  accepted  for  publication  by  the  IEEE  Journal  of 
Quantum  Electronics.  Since  we  will  not  be  discussing  the  technical  detail  of  that  work  in  this 
report,  a  preprint  of  that  paper  is  attached  here  as  Appendix  A. 

In  the  following  paragraphs,  we  will  summarize  our  results  in  (a)  The  electro-absorption 
(EA)  and  electrorefraction  (ER)  of  the  InxGai_xAs/GaAs  SL  MQW  materials  grown  in  our 
MBE.  (b)  The  optimization  of  EA  as  a  function  of  quantum  well  thickness  and  indium 
composition,  (c)  A  material  growth  technique  developed  at  UCSD  to  obtain  large  number  of 
quantum  wells  with  relatively  large  indium  concentration  and  without  creating  many 
dislocations,  (d)  The  extension  of  the  strained  layer  technology  to  obtain  EA  at  the  1.06  ^m 
wavelength  where  the  powerful  NdA'AG  laser  operates,  (e)  The  automation  of  the  MBE  growth 
by  computer  control  for  fabrication  of  complex  structures,  (f)  Design  and  fabrication  of  SLM 
structures  with  large  modulation  depth  and  low  operating  voltage,  (g)  Demonstration  of  the 
detector-modulator  pair. 

The  two  most  important  results  are:  (1)  Demonstration  of  the  sharp  electroabsorption 
spectra  in  the  MQW  In^Gai-xAs/GaAs  SL  structures.  (2)  Techniques  to  generate  and  to  confine 
dislocations  near  the  substrate  interface  so  a  large  number  of  SL  quantum  wells  may  be  grown. 
In  this  case  the  quantum  wells  have  a  slightly  different  lattice  constant  than  the  substrate. 
Numerous  other  tasks  were  also  accomplished  in  the  process,  but  they  are  not  discussed  in  the 
summary  of  results.  Some  of  them  have  been  done  in  collaboration  with  other  research  project 
at  UCSD.  They  include:  (1)  Development  of  the  photo-luminescence  set-up  to  evaluate  the 
exciton  spectra.  (2)  Extension  of  a  commercial  argon  laser  pumped  C.W.  dye  laser  into  the  0.92 
to  0.97  /im  wavelength  range  for  evaluation.  (3)  Development  of  the  thick  plating  of  gold 
electrode  for  wire  bonding  that  will  not  damage  the  quantum  wells  below.  (4)  Computer  data 
collection  schemes  for  EA  and  ER  measurement  using  the  pulsed  dye  laser-parametric  oscillator 
as  the  source.  Collaboration  with  Lockheed  Missile  and  Space  Company  is  crucial  in  obtaining 
the  TEM  cross  sectional  micrographs  of  the  quantum  well  and  superlattice  buffer  structures. 
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2.  ELECTRO- ABSORPTION  (EA)  AND  ELECTRO-REFRACTION  (ER) 

InxGai_xAs/GaAs  MQW’s  using  such  SL  structures  were  grown  by  molecular  beam 
epitaxy  (MBE)  on  GaAs  substrates  by  Fritz  et  al.  with  layer  thicknesses  in  the  40  A  to  140  A 
range.  A  confirmation  of  the  effects  of  strain  and  layer  thickness  of  SL  In^Gai-^As/GaAs 
MQW  was  provided  by  Laidig  et  al.  using  x  =  0.38  and  x  =  0.28.  However,  they  found  from 
X-ray  diffraction  analysis,  a  substantial  broadening  of  diffracted  peaks  of  thick  layers  estimated 
to  be  between  770  A  and  470  A  in  thickness,  particularly  for  large  values  of  a,  while  for  layer 
thicknesses  between  96  A  and  56  A  the  diffraction  peaks  remain  sharp  and  scanning  electron 
microscopy  confirmed,  furthermore,  that  the  broadening  of  the  X-ray  peaks  is  accompanied  by 
the  presence  of  structural  defects  produced  by  strain  relief  in  the  thicker  layers. 

During  the  FY86,  strained  layer  In^Gai.^As  MQW’s  were  grown  at  UCSD  on  n-doped  and 
p-doped  (lOO)-oriented  GaAs  substrates  by  means  of  MBE.  The  In  mole  fraction  x  was 
restricted  to  x  =  0.13  and  x  =  0.15  thus  producing  alloy  layers  with  pseudomorphic,  tetragonally 
distorted  interfaces.  Ten  layer  MQW’s  were  grown  at  530°C  on  an  initial  0.3  /tm  thick  GaAs 
undoped  buffer  layer  followed  by  ten  alternating  10  nm  thick  In^Gai-xAs  layers  and  15  nm  thick 
GaAs  layers  with  and  without  a  GaAs  capping  layer. 

Assuming  that  the  fundamental  bandgap  at  room  temperature  of  the  unstrained  ternary 
alloy  system  In^Gai.^As  is  represented  by 

Eg  =  1.42 -1.615x-h  0.555x2 

then  for  x  =  0.15,  Eg  =  1.19  eV  and  AEg  =  0.23  eV.  By  including  the  correction  for  the 
compressive  strain  on  EgCIn^G^i-xAs)  we  estimate  AEg  =  0.173  eV,  the  conduction  band 
discontinuity  to  be  of  the  order  AE^.  =  0.13  eV  and  the  valence  band  discontinuity  to  be  AEy  = 
0.06  eV.  In  spite  of  these  relatively  low  band  edge  discontinuities  we  have  reported  the 
observation  of  sharp  exciton  absorption  and  effective  EA  as  a  function  of  externally  applied  bias 
voltage  at  room  temperature  on  p-i-n  diodes  made  of  the  10  layers  of  Ino.13Gao.87  As  MQW^^*®^, 
Figure  1  shows  the  electro-absorption  spectra  of  Sample  MBE- 110.  We  have  also  reported  the 
large  ER  effect  on  a  sample  supplied  to  us  by  the  MIT  Lincoln  Laboratory^^l  Figure  2  shows  the 
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electro-refraction  spectra.  These  results  indicated  the  large  potential  of  InxGai_xAs/GaAs  QW 
structures  in  achieving  high  speed  and  low  switching  voltage  spatial  light  modulation. 

3.  QUANTUM  WELL  OPTIMIZATION 

The  EA  spectrum  of  a  QW  consists  essentially  of  a  sharp  peak,  a  plateau  on  the  high- 
energy  side  of  the  peak  and  no  absorption  on  the  low-energy  side.  The  peak  corresponds  to 
exciton  absorption,  and  the  plateau  corresponds  to  sub-band  continuum  absorption.  When  an 
electric  field  is  applied  perpendicular  to  the  QW’s,  both  the  exciton  peak  and  the  associated 
continuum  shift  to  lower  energy,  lose  strength,  and  are  broadened.  If  the  incident  light  is  tuned 
to  the  wavelength  of  the  exciton  peak  in  the  absence  of  the  electric  field,  then  the  absorption  of 
the  structure  is  reduced,  and  negative  EA  is  obtained.  If  the  incident  light  is  tuned  to  the 
wavelength  of  the  field-shifted  exciton  peak,  then  the  electric  field  increases  the  absorption,  and 
positive  EA  results.  Some  applications  require  positive  electro-absorption  (e.g.  SEED  self- 
linearized  modulation)  and  some  require  negative  electro-absorption  (e.g.  SEED  switching). 
Positive  electro-absorpdon  will  provide  a  smaller  insertion  loss,  since  absorption  is  very  small  in 
the  OFF  condition,  but  negative  electro-absorption  seems  to  provide  a  larger  modulation  depth. 

The  magnitude  of  the  electro-absorption  is  determined  by  the  following  factors.  These 
factors  are  illustrated  in  Figure  3. 

1.  The  magnitude  of  the  absorption  at  the  peak  (e.g.  A  or  B  in  Figure  3).  Since  the  area  under 

the  exciton  line  is  proportional  to  the  oscillator  strength  f,  it  will  be  proportional  to  f  and 

inversely  proportional  to  line  width.  The  line  width  is  proportional  to  the  broadening 
parameter  F. 

2.  The  peak  shift  AE  caused  by  an  applied  voltage  V. 

3.  The  change  of  oscillaior  strength  caused  by  an  applied  voltage,  Af(V). 

4.  The  change  of  broadening  parameter  AT  caused  by  an  applied  voltage. 
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An  investigation  on  how  to  optimize  the  InxCaj.^As/GaAs  MQW  structure  for  EA 
modulation  has  been  carried  out.  A  theoretical  analysis  of  the  exciton  wave  function  in  an 
infinitely  deep  potential  well  for  the  QW  in  an  electric  field  has  been  developed  by  Bastard  et 

rei 

al.  and  was  extended  by  us.  Bastard’s  1-D  variational  model  predicts  that 
AE  «(me  +  mh)(FLzf-Lz2 
Afoc(Me  +  mh)  (FL,)2l/ 

where  F  is  the  applied  electric  field  in  the  z  direction  in  the  well;  is  the  thickness  of  the  '^W 
in  the  z  direction.  If  the  electric  field  is  uniformly  distributed,  then  FL^  is  the  applied  voltage 
per  well.  For  finite  potential  wells,  a  theoretical  model  describing  the  electric  field  dependence 
of  AE  and  Af  has  been  developed  by  Dermot  Coffey  of  the  UCSD  Physics  Department^^*.  We 
have  used  Coffey’s  computer  program^*°^  to  compare  the  theoretical  calculated  results  with  our 
experimental  data  and  to  predict  the  dependence  of  the  electro-absorption  on  well  thickness  and 
depth.  Our  experimental  data  is  collected  from  two  sets  of  three  samples  grown  by  MBE.  In 
one  set  of  the  three  samples,  each  sample  has  ten  Ino.12Gao.88As  QW’s  grown  on  GaAs  without 
superlattice  buffer  but  each  has  a  different  quantum  well  thickness  50  A,  70  A  and  100  A  The 
second  set  is  the  same  as  the  first  except  that  the  QW’s  have  17%  In.  For  the  first  set  the 
absorption  peak  of  the  50  A  Ino.nGao.ssAs  QW’s  was  obscured  by  the  GaAs  substrate 
absorption  tail,  so  this  sample  provided  no  useful  data.  Table  1  shows  the  comparison  of  the 
experimental  and  theoretical  data  where  AEc  =  AEy  is  assumed  to  be  100  meV  for 
Ino.17Gao.83As/GaAs  and  70  meV  for  Ino.12Gao.88As/GaAs.  The  agreement  between  the 
theoretical  results  and  the  experimental  data  is  good. 

For  positive  electro-absorption  Af  should  be  as  small  as  possible  while  AE  reaches  one 
FWHM.  Since 

Af/AE  «  (iD^  +  mh)Lz^, 

thinner  quantum  wells  are  e'»:pef'ted  to  provide  stronger  positive  electro-absorption  than  thicker 
ones.  For  those  SLM  applications  in  which  very  low  insertion  loss  or  very  high  extinction  ratio 
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TABLE  1. 

Comparison  of  the  theoretical  and  Experimental  Data  of 
Electro-Absorption  of  In.^Gai_xAs/GaAs  MQW  Structures 


12%  WAEc 

=  AEv  = 

70meV 

AE(meV) 

70  A 

100  A 

Voltage 

Exp. 

Th. 

Exp. 

Th. 

1 

-1.4 

-1.0 

-2.7 

-1.9 

2 

-4.2 

-4.0 

-8.0 

-7.9 

3 

-7.0 

-9.3 

— — 

Af/fo 

70  A 

100  A 

Voltage 

Exp. 

Th. 

Exp. 

Th. 

1 

-.13 

-.07 

-.28 

-.19 

2 

-.30 

-.26 

-.50 

-.56 

3 

-.48 

-.51 

— — 

i  /  %  In/AEc 

=  AEv  = 

100  meV 

AE(meV) 

50  A 

70  A 

100  A 

Voltage 

Exp. 

Th. 

Exp. 

Th. 

Exp. 

Th. 

1 

-1.0 

-0.4 

-0.6 

-0.7 

-0.7 

-1.5 

2 

-3.1 

-1.5 

-2.6 

-2.7 

-3.7 

-5.8 

3 

-5.4 

-3.4 

-6.4 

-6.2 

— — 

— 

4 

-7.4 

-6.0 

-12.1 

-11.2 

— - 

— 

5 

-9.4 

-9.4 

— — 

— 

— 

— 

Af/fo 

50 

A 

70  A 

100  A 

Voltage  Exp. 

Th. 

Exp. 

Th. 

Exp. 

Th. 

1 

-.04 

-.02 

-.04 

-.04 

-0.9 

-.12 

2 

-.09 

-.06 

-.11 

-.15 

-.23 

-.39 

3 

-.22 

-.14 

-.22 

-.32 

— 

4 

-.35 

-.23 

-.38 

-.50 

— - 

— 

5 

-.47 

-.35 

— - 

— - 
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is  required,  positive  EA  is  the  preferred  mechanism.  On  the  other  hand,  examination  of  all  the 
electro-absorption  data  suggests  that,  for  SLM  applications  in  which  low  insertion  loss  in  not 
required,  we  should  use  the  negative  electro-absorption  effect.  It  will  give  the  largest  depth  of 
modulation  at  the  lowest  applied  voltage.  In  that  case  we  should  use  a  large  to  obtain  a  large 
Af  and  a  large  AE,  while  the  voltage  per  well  (i.e.,  FL^)  is  kept  constant.  In  general,  wide  and 
shallow  potential  wells  (i.e.,  AE^  and  AEy)  are  preferred  for  negative  electro-absorption.  How 
wide  an  and  how  shallow  a  AEg  (and  AEv)  can  be  used  depend  on  practical  considerations. 
For  example,  shallower  quantum  wells  could  be  achieved  by  reducing  the  In  content  in  the  well. 
Reducing  the  In  content  will  also  lead  to  a  reduction  m  strain,  thereby  improving  the  quality  of 
the  grown  layers.  However,  there  will  be  increased  absorption  from  the  bandtail  of  the  GaAs 
substrate  due  to  the  proximity  of  the  exciton  peak  to  the  GaAs  band  edge.  This  is  very 
undesirable.  Table  2  summarizes  the  mechanisms  by  which  changing  the  quantum  well 
thickness,  well  depth  and  bandgap  can  significantly  affect  electro-absorption.  In  this  table  F  is 
the  electrical  field  strength,  f  is  the  oscillator  strength,  AEc  and  AEy  are  conduction  and  valence 
band  discontinuity  between  the  well  and  the  barrier,  and  the  "+"  and  the  signs  indicate 
whether  the  EA  effect  is  enhanced  or  reduced  by  the  change  of  the  parameter. 

The  work  on  the  optimization  of  QW  structures  for  EA  is  part  of  the  Ph.D.  thesis  of 
Timothy  Van  Eck. 

4.  MATERIAL  GROWTH  TECHNIQUE  FOR  STRAIN  RELIEVE  IN  QW  LAYERS 

For  opto-electronic  spatial  light  modulation  it  is  important  to  obtain  reasonably  large  depth 
of  modulation  for  light  transmitted  normal  through  the  sample.  Hence  it  is  desirable  to  increase 
the  number  of  SL  quantum  well  periods  by  at  least  a  factor  of  five  over  the  number  of  periods 
that  we  have  already  made,  e.g.  80  to  1(X)  periods.  However,  investigations*"’  of  the  critical 
thickness  fo»  single  quantum  wells  with  x  =  0.28  and  strained  layer  superlattices  with  0.14  <  x  < 
0.35  (with  an  effective  strain  £  =  Aa/a  smaller  than  2.7%)  indicate  a  strong  degradation  of 
heterostructure  quality  when  the  total  thickness  of  all  the  quantum  wells  approaches  the  value  of 
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the  critical  thickness  Lc,  for  generating  misfit  dislocations.  Lc  has  been  theoretically  derived  by 
Matthews  and  Blakeslee  These  relations  were  confirmed  recently  by  Anderson  et  al.  for 
the  full  composition  range  0.1  <  x  <  1. 

Bedair  et  al.  have  shown  a  method  for  reducing  the  density  of  threading  dislocations 
originating  at  the  GaAs  epitaxial  interfaces.  They  found  that  strained  superlattice  structures 
grown  by  MBE  directly  on  the  GaAs  substrate  tend  to  localize  the  dislocation  network  and 
reduce  the  etch  pit  count  by  nearly  two  orders  of  magnitude.  We  have  initiated  work  on  the 
ternary  alloy  In^AIi-^As  grown  on  GaAs  for  different  purposes,  concerned  mainly  with 
application  of  MODFET  structures.  We  have  been  interested  in  the  use  of  an  In,Ali_xAs  buffer 
layer  to  reduce  the  dislocation  densities  of  the  MQW  layers.  With  reference  to  Figure  4  note 
that  for  each  InxGai-^As  alloy  there  is  a  corresponding  In^Alj-xAs  alloy  whose  lattice  constants 
match.  The  problem  is  that  of  the  mismatch  between  this  pair  of  ternary  alloys  and  their  GaAs 
substrate.  We  first  proposed  that  by  the  use  of  appropriate  compositionally  graded  or 
superlattice  buffer  layers  between  the  MQW’s  and  the  substrate  we  would  be  able  to  confine  the 
misfit  dislocations  to  the  substrate/buffer  intert'ace  -  or  at  least  to  the  buffer  itself  so  that  the 
MQW’s  would  look  at  tin  essentially  strain  free  interface.  An  attempt  to  explore  the  potential 
advantage  of  a  heterojunction  buffer  layer  was  made  by  growing,  by  means  of  MBE,  a  0.5  fim 
thick  nominally  Ino.3Alo.7As  layer  on  a  (100)  -  oriented  GaAs  substrate  upon  which  were 
deposited  sequentially  ten  QW’s  of  Ino.3Gao.7As/Ino.3Alo.7As  (each  of  -  100  A  thick,  based  on 
an  assumed  growth  rate  of  130  A/min  itself  based  on  earlier  calibration).  Note  that  these 
compositions  were  well  in  excess  of  the  theoretical  limits  for  pseudomorphic  growth. 
Transmission  electron  microscopic  observation  of  the  MQW’s  as  well  as  of  the  buffer/substrate 
interface  were  encouraging  although  far  from  ideal.  Relatively  little  buckling  was  observed  in 
the  quantum  wells  compared  to  earlier  attempts  using  Ino.25Gao.75As/GaAs  MQW’s  discussed  in 
the  last  annual  repon.  For  most  of  the  10  ^m  regions  examined  the  quantum  wells  were  flat 
from  the  buffer  to  the  cap  layer.  There  were  a  large  number  of  micro  twins  originating  primarily 
at  the  buffer/substrate  interface  extending  through  the  MQW’s  to  the  surface.  A  few  instances  of 
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bulging  of  intermediate  layers  were  found  as  well  as  some  dislocation  loops.  The  density  of  the 
dislocations  appear  to  decrease  from  the  buffer/substrate  interface  towards  and  through  the 
MQW’s.  This  result  encouraged  us  to  try  a  second  experiment  using  essentially  the  same  flux 
ratios  except  for  a  I  fim  thick  Ino.3Alo.7As  buffer  layer.  The  transmission  electron  micrographs 
indicated  a  substantial  reduction  in  the  density  of  defects  present  in  the  MQW’s;  however, 
dislocation  loops  were  still  present,  and  some  dislocations  propagated  through  the  MQW’s.  It 
becomes  clear  that  increasing  the  thickness  of  the  buffer  layer  is  not  going  to  solve,  by  itself,  the 
problem  of  reducing  the  density  of  propagating  defects  or  confining  them  within  the  buffer  layer. 
On  the  other  hand,  we  were  also  encouraged  by  the  recent  reports  that  the  strained  quantum 
wells  themselves  or  a  thin  section  of  strained  superlattice  near  the  substrate  may  be  used  to  take 
up  the  mismatch  of  the  lattice  constants  by  generating  sufficient  number  of  misfit  dislocations  in 
the  superlattice  near  the  substrate  interface,  without  propagating  the  dislocations  through  the 
MQW’s.  Thus  samples  MBE-473,  MBE-474,  MBE-476  and  MBE-514  were  grown.  MBE-473 
consists  of  80  periods  of  100  X  thick  Ino.15Gao.85As  QW”s  with  100  A  thick  GaAs  barriers 
grown  on  GaAs,  MBE-474  consists  of  80  periods  of  100  A  Ino.19Gao.8i  As  QW’s  with  100  A 
GaAs  barriers  grown  on  GaAs,  MBE-476  consists  of  125  periods  of 
20  Alno.15Gao.85As/2O  AGaAs  superlattice  on  1000  A  GaAs  buffer,  followed  by  50  periods  of 
100  Alno.15Gao.85As/lOO  AGaAs  MQW,  then  followed  by  5  periods  of  superlattice  cap  while 
MBE-514  consists  of  125  periods  of  20  A  Ino.22Gao.78As/2O  ACaAs  superlattice  grown  on  1000 
A  GaAs  buffer,  followed  by  50  periods  of  100  A  Ino.22Gao.76As/ 100  A  GaAs  MQW  then 
followed  by  5  periods  of  n'*'  superlattice  cap.  Figure  4(a),  4(b),  4(c)  and  4(d)  illustrates  the 
material  structure  of  MBE-473,  MBE-474,  MBE-476  and  MBE-514.  Figure  5(a),  5(b),  5(c)  and 
5(d)  show  the  corresponding  transmission  spectra  (after  substrate  absorption  and  reflection  losses 
have  been  deducted)  and  electro-absorption  spectra  of  the  same  samples.  It  is  clear  from  these 
results  that  we  have  succeeded  in  obtaining  many  periods  of  good  quality  QW’s.  The  percentage 
of  absorption  per  well  in  sample  MBE-476  is  as  good  as  that  of  the  10  MQW  structure  grown 
earlier.  The  narrowest  photo-luminescence  linewidth  is  obtained  from  sample  MBE-476,  which 
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has  a  thin  superlattice  buffer  layer  to  take  up  the  mismatch  between  the  substrate  and  the  MQW 
layers.  Samples  MBE-473  and  MBE-474  are  similar  to  those  grown  at  MIT  Lincoln  Lab.  The 
QW  layers  are  grown  directly  on  GaAs  without  buffer.  The  primary  difference  between  them  is 
the  higher  In  concentration  in  MBE-474.  TEM  photographs  made  at  Lockheed  Research 
Laboratories  show  that,  in  MBE-473,  there  are  dislocations  in  the  GaAs  near  the  QW/substrate 
interface,  while  in  MBE-474  dislocations  are  seen  throughout  the  quantum  well  layers,  but  not  in 
the  substrate.  If  a  superlattice  buffer  is  used  such  as  in  MBE-476,  then  dislocations  are  confined 
in  the  first  few  periods  of  the  superlattice  near  the  GaAs  interface.  If  we  compare  the  two 
structures  with  the  same  indium  content,  MBE-473  and  MBE-476,  the  structure  with  the 
superlattice  buffer  has  a  larger  peak  absorption,  narrower  line  width  and  larger  electro- 
absorption  than  the  one  with  no  buffer.  We  believe  that  it  is  preferable  to  ha\  e  dislocations  occur 
in  layers  which  are  not  optically  active.  If  we  compare  the  samples  with  different  In 
concentration  which  are  grown  in  the  same  manner  (with  or  without  superlattice  buffer)  then  the 
one  with  smaller  In  content  has  larger  peak  absorption,  narrower  linewidth  and  larger  electro¬ 
absorption.  In  general,  better  electro-absorption  properties  are  obtained  with  a  lower  indium 
content  and  consequently  smaller  strain  and  by  using  a  superlattice  buffer  layer. 

5.  ELECTRO- ABSORPTION  MODULATION  AT  THE  1.06  /tm  WAVELENGTH 

Notice  that  the  wavelength  for  exciton  absorption  in  MBE-474  has  shifted  toward  longer 
wavelengths  as  the  In  content  is  increased,  but  not  as  far  as  one  might  expect  if  the  strain  were 
absent.  It  would  be  very  desirable  to  have  the  peak  of  electro-absorption  centered  around  the 
1.06  /zm  wavelength  in  order  to  take  advantage  of  the  availability  of  the  high  power  NdA^AG 
laser  source.  Thus  MBE-569  was  grown.  Its  structure  is  illustrated  in  Figure  6.  It  contained  3 
QW’s  with  Ino.25Gao.75As  among  MQW  and  superlattice  structures  with  19%  In.  In  this  case 
these  quantum  wells  are  pseudomorphic  with  the  stack  of  quantum  wells  with  19%  indium;  they 
are  sufficiently  thin  not  to  exceed  the  critical  thickness.  The  stack  of  quantum  wells  are 
pseudomorphic  to  themselves,  but  not  to  the  substrate.  The  superlattice  is  the  buffer.  Figure  7 
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shows  its  electro-absorption  spectra.  Clearly  we  have  demonstrated  a  material  structure  that  will 
provide  modulation  at  the  1.06  /tm  wavelength.  However,  since  there  is  no  immediate 
requirement  for  SLM’s  at  the  1.06  fj.m  wavelength,  further  investigation  of  SLM’s  with 
reasonably  large  depth  of  modulation  and  low  switching  voltage  has  not  been  pursued. 

6.  AUTOMATION  OF  THE  MBE  GROWTH  BY  MEANS  OF  COMPUTER  CONTROL 

In  order  to  increase  the  total  number  of  QW  layers  and  to  obtain  superlattice  structures  we 
embarked  on  the  design  and  construction  of  a  computerized  controller.  It  is  relatively 
inexpensive,  has  now  been  completed  and  tested.  A  paper,  "Automatic  Shutter  Control  for 
Molecular  Beam  Epitaxial  Reactors",  has  been  published  in  Review  of  Scientific  Instruments, 
vol  59,  p.  1246  (1988). 

It  consists  of  a  microcomputer,  (in  our  case  an  Apple  Macintosh)  connected  to  a 
programmable  scanner  (in  our  case  a  Keithley  Model  705  which  has  an  IEEE  488  compatible 
interface).  The  scanner  allows  the  selection  of  any  one  or  any  combination  of  eight  single  pole 
switches  that  operate  the  eight  available  effusion  cell  furnace  shutters  of  the  MBE  re;  i  tor.  The 
microcomputer  is  programmed  to  select  the  primary  address,  dwell  time,  control  interv;  .s  of  the 
switch  combinations  required  to  operate  the  MBE.  In  view  of  the  fact  the  Macintosh  has  .  serial 
RS-232C  output  an  I/O  interface  has  had  to  be  introduced  to  make  it  compatible  with  the  lEEE- 
488  input  to  the  scanner  (in  our  case  a  Mac  488A  bus  controller  made  by  I/O  Tech).  The 
scanner  output  is  connected  to  an  electronic  solid  state  relay  system  designed  and  built  at  UCSD 
in  accordance  with  AIE  Standard  RS-422-A  specification.  Each  solid  state  relay  acts  as  a  shunt 
switch  across  the  manual  switches  provided  by  the  console  of  the  MBE  reactor  which  operates 
the  pneumatic  shutters.  The  relay  controller  can  thus  be  operated  either  in  the  manual  or 
computer-controlled  mode  with  appropriate  time  delays  introduced  as  needed  to  achieve  near 
steady-state  epitaxial  growth. 

Initial  results  obtained  with  this  system  were  highly  satisfactory.  Successful  growth  of  the 
samples  MBE-473,  MBE-474  and  MBE-476  are  the  best  evidence  that  the  automated  system  is 
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functioning  properly. 

7.  DESIGN  OF  SLM  TO  OBTAIN  LARGE  MODULATION  DEPTH  -  THE 
REFLECTION  MODE 

It  is  clear  from  the  data  presented  in  Figure  5  that  change  of  total  transmittance  (or 
absorption)  in  the  range  of  30%  to  40%  can  be  obtained  from  50  to  80  MQW  of 
In^Gai-xAs/GaAs.  This  is  not  enough  for  many  SLM  applications.  Larger  number  of  wells 
will  increase  the  modulation  depth.  However,  even  using  a  buffer  layer,  there  may  be  a  limit  on 
the  number  of  wells  that  can  be  grown  without  creating  eventually  massive  dislocations. 
Increase  of  the  number  of  wells  will  also  call  for  an  increase  of  applied  voltage  to  yield  the  same 
electric  field.  Large  switching  voltage  is  also  undesirable.  A  reflection  mode  modulator  could 
double  the  absorption  without  the  penalty  of  increased  switching  voltage.  Therefore  material 
structures  to  provide  reflections  have  been  investigated  in  two  ways:  (a)  The  growth  of  AlAs 
layers,  A/4  thick,  interwoven  with  GaAs  layers,  A/4  thick,  to  form  a  dielectric  grating  minor, 
(b)  The  use  of  metal  film  deposited  on  top  of  the  semiconductor  as  a  reflector. 

Early  experiment  of  reflection  mode  EA  used  a  p-doped  GaAs  substrate  and  the  Cr/Au 
electrode  of  the  p-i-n  diode  as  the  reflector.  It  failed.  There  is  too  much  attenuation  due  to  the 
p-doping.  In  addition  there  is  a  problem  with  the  reflectivity  of  the  Cr/Au  layer  on  the  GaAs  cap 
layer.  A  control  experiment  was  performed  to  measure  the  reflectivity  from  (a)  a  GaAs/air 
interface,  (b)  a  GaAs  coated  with  Cr/Au  (c)  a  GaAs  coated  with  a  A/4  thick  layer  of  SiN^,  then 
coated  with  Cr/Au.  The  measured  reflectivities  are  (a)  33%,  (b)  50%  and  (c)  65%.  This 
confirmed  our  earlier  preliminary  conclusion  that  there  may  be  interdiffusion  or  other  reaction 
between  Cr/Au  and  GaAs,reducing  substantially  the  reflectivity  of  the  metal.  Further 
experiments  will  be  carried  out  to  obtain  the  maximum  reflection  that  can  be  obtained  from  SiN^ 
and  Cr/Au  coatings.  Such  a  reflector  is  important  for  SLM  applications  that  require  the  optical 
beam  to  be  incident  on  the  substrate.  We  have  also  grown  alternative  layers  of  AlAs,  A/4, 
interwoven  with  GaAs  layers,  A/4  thick,  to  form  a  dielectric  Bragg  grating  reflector.  Figure  8 
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shows  the  reflection  spectra  of  this  sample.  A  maximum  reflectivity  of  95%  has  been  obtained. 
Further  experiments  to  characterize  MQW  modulator  structures  grown  on  top  of  this  reflector  is 
underway  at  UCSD,  including  the  effects  of  interference  reflections  from  this  mirror  and  the 
GaAs/air  interference.  Such  a  reflection  modulator  would  require  the  optical  beam  to  incident 
on  the  sample  from  the  cap  layer  side  as  it  may  be  difficult  to  grow  a  thick  mirror  on  top  of  the 
MQW  layers  that  are  already  under  strain. 

8.  DESIGN  OF  SLM  TO  OBTAIN  LARGE  MODULATION  DEPTH  -  BUFFER  AND 
SUBSTRATE  ABSORPTION 

If  there  is  significant  absorption  from  the  substrate  or  the  buffer  layer,  there  will  also  be  a 
reduction  of  the  SLM  modulation  depth.  Since  we  have  developed  recently  the  technology  of 
p-doping  of  epitaxial  layers,  we  are  now  using  SI  substrate  with  a  thin  p-doped  GaAs  layer 
grown  epitaxially  on  top  for  the  p-contact  of  the  p-i-n  modulator.  We  had  assumed,  so  far,  that 
the  semi-insulating  GaAs  substrate  and  the  buffer  should  be  transparent  at  photon  energies 
significantly  lower  than  the  GaAs  bandgap  energy.  However,  when  we  grew  MBE572  for  the 
investigation  of  the  non-linear  effect  in  another  research  project,  we  were  surprised  that  there  is 
a  residue  absorption  in  that  SI  substrate  that  cannot  be  saturated.  This  triggered  us  to  investigate 
the  absorption  of  the  GaAs  substrate  and  the  superlattice  buffer  (used  to  relieve  the  strain  of  the 
quantum  well  layers  as  discussed  in  section  4).  Figure  9  shows  the  structural  schematic  diagram 
of  MBE  572.  It  is  similar  to  the  other  samples  that  we  have  grown  for  this  project.  It  has  a  SI 
GaAs  substrate  840  /xm  thick  and  a  superlattice  buffer  layer  2(XX)  A  thick.  The  residual 
absorption  must  come  from  either  the  substrate  or  the  superlattice  buffer. 

The  substrate  for  MBE  572  (without  any  layer  grown  by  MBE)  was  examined  by  a 
calibrated  Cary  2400  spectrophotometer  at  the  Naval  Ocean  System  Center.  It  showed  a  residual 
material  absorbance  of  0.263  A  at  0.99  fim  wavelength,  after  all  the  reflection  losses  have  been 
deducted.  Absorbance  A  is  defined  as  logic  (input  power/output  power).  This  absorbance  was 
confirmed  by  another  independent  measurement  where  a  NdA^AG  laser  beam  at  1.06  /xm  is 
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transmitted  through  the  substrate  at  the  Brewster  angle.  On  the  other  hand,  when  another  SI 
substrate,  #349850,  was  examined  by  the  same  procedure,  it  showed  only  a  material  absorption 
of  0.008  A.  Thus  we  concluded  that  the  selection  of  the  substrate  material  is  important  to  assure 
us  low  material  absorption  in  the  substrate  in  the  future. 

Tlie  situation  with  superlattice  buffer  is  quite  different.  Figure  10  show  the  transmission  of 
samples  MBE  661,  MBE  662,  and  MBE  663  as  a  function  of  wavelength.  Clearly  the 
superlattices  have  their  own  absorption  edge  which  varies  with  indium  concentration.  Figure  1 1 
shows  the  structural  schematic  diagram  of  MBE  662.  Samples  MBE  661  and  MBE  663  are 
identical  with  MBE  662  except  the  indium  concentrations  are  12%  and  19%,  respectively. 
These  superlattice  layers  are  very  similar  to  the  superlattice  layer  we  have  used  in  samples  MBE 
476  and  MBE  514  shown  in  Figures  4  and  5.  We  conclude  that  the  absorption  edge  of 
superlattice  may  interfere  with  the  operation  of  the  modulator  depending  on  the  photon  energy. 
Notice  the  absorption  coefficient  is  very  large  as  the  total  thickness  of  superlattice  is  only  1.2 
/tm.  Subsequent  experiments  show  that  superlattices  similar  to  these  samples  exhibit  also 
Franz-Keldysh  like  EA  effect.  This  made  the  superlattice  itself  very  interesting  as  a  material  for 
modulators.  The  use  of  superlattice  and  coupled  quantum  well  structures  for  modulation  is 
currently  being  pursued  in  other  research  projects  at  UCSD.  As  for  the  design  of  MQW  spatial 
light  modulators,  we  have  two  choices.  (1)  We  will  base  our  design  on  structures  similar  to 
MBE  473,  using  15%  indium  in  the  quanium  wells.  In  this  case  we  depend  on  the  generation 
and  the  confinement  of  dislocations  in  the  first  few  quantum  wells  near  the  substrate  interface  to 
relieve  the  strain.  (2)  We  will  continue  to  use  superlattice  as  the  buffer.  Further  investigation 
will  be  conducted  to  make  sure  that  the  superlattice  period  and  composition  will  not  cause 
significant  attenuation  at  the  operating  wavelength  of  the  SLM. 
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9.  DEMONSTRATION  OF  THE  OPTICAL-OPTICAL  INTERACTION  IN  A  MQW 
DETECTOR-MODULATOR  DIODE  PAIR 

As  a  first  step  toward  the  realization  of  a  MQW  spatial  light  modulator  array,  we  have 
fabricated  two  diodes  on  a  SL  MQW  sample  (MBE-322)  which  contains  10  periods  of 
85  Alno.12Gao.88As/lOO  AOaAs  with  3000  A  of  SI  GaAs  buffer  and  n-GaAs  cap  layers.  This 
constitutes  a  single  cell  in  an  array.  The  diode  top  electrode  consists  of  a  Cr/Au  3.4  mm  x  3.4 
mm  square  with  a  2  mm  window  to  pass  through  the  light.  The  two  diodes  were  externally 
connected  in  parallel  and  biased  to  Vr  =2.4  volt  through  a  load  resistor  Rl  =  5.1  K  Q.  The 
diode  on  one  side  is  used  as  a  detector  for  He-Ne  laser  radiation  at  X  =  0.6328 /rm.  The  diode 
on  the  other  side  is  used  as  the  modulator  for  the  radiation  generated  by  a  tunable  pulsed  dye 
laser-parametric  oscillator. 

Since  then  we  have  also  developed  the  technique  for  p-doping  in  our  MBE  system.  Figure 
13  illustrates  the  monolithically  integrated  modulation/detector  diode  pair  that  has  recently  been 
fabricated  based  on  sample  MBE-533.  MBE-533  consists  of  50  periods  undoped  (20  ^ 
Ino.i5Gao.85As/(20  A)GaAs  superlattice  buffer  on  p-GaAs  substrate,  followed  by  50  periods  of 
(70  A)  Ino.i5Gao.85As/(100  A)GaAs  QW’s,  20  periods  of  undoped  (20  ^ 

I'io.i5Gao85As/(20  A;GaAs  superlattice  buffer,  2(XX)  Aof  n-doped  GaAs  and  KXX)  Aof  p-doped 
GaAs.  Zn/Au  and  Cr/Au  electrode  contacts  are  fabricated  by  photolithography  on  p-GaAs  and 
n-GaAs  respectively.  A  technique  for  plating  of  gold  on  the  Zn/Au  and  Cr/Au  electrodes  was 
developed  so  that  gold  wires  can  be  bonded  to  the  contact  without  damaging  the  QW  structure 
below.  The  thick  plated  gold  protected  the  QW’s  below.  Each  electrode  has  only  a  1(X)  fim 
diameter  hole  for  transmission  of  light.  The  small  electrode  pattern  is  used  both  to  reduce  the 
leakage  current  under  reverse  bias  and  to  reduce  the  device  capacitance  to  increase  the  frequency 
response.  The  diodes  were  connected  in  parallel  to  the  d.c.  power  supply  (Vg  =  5  volts)  as 
shown  in  Figure  13.  The  p-n  GaAs  diode  is  the  detector  while  the  n-i-p  diode  serves  as  the 
modulator.  The  leakage  current  is  less  than  5  jJ. A.  As  a  He-Ne  laser  light  illuminates  the 
detector  diode,  Va  is  dropped  from  4.8  to  0.7  V  creating  a  15.5%  increase  of  the  transmitted 


- 18- 


light  at  the  9655  X  wavelength  from  the  pulsed  dye  laser/parametric  oscillator.  Figure  14  shows 
the  electro-absorption  data  of  the  modulator  at  various  wavelength  for  Vj  =  0  and  Vj  =  5  volts. 
He-Ne  laser  and  pulsed  dye  laser/parametric  oscillator  are  used  because  of  the  delays  in  the 
delivery  of  the  CW  tunable  dye  laser  and  the  Ti-sapphire  laser  to  be  pumped  by  an  argon  laser. 
In  summaiy,  we  have  solved  successfully  some  of  the  fabrication  problems  of  integrating 
monolithically  photo  diodes  with  MQW  samples  and  have  demonstrated  that  optical-optical 
interaction  in  a  MQW  detector/modulator  pair  is  feasible. 

10.  CONCLUSION  AND  FUTURE  WORK 

During  this  contract  period,  we  started  from  the  initial  concepts  of  strained  quantum  wells 
and  InxGai_xAs  quantum  well  material  on  GaAs  as  potential  effective  material  structure  for 
SLM  applications.  We  have  explored  many  materials  and  device  issues  of  this  complex 
material/device  system.  We  have  successfully  demonstrated  sharp  EA  spectra  in  this  material 
system  and  overcame  the  conventional  limitation  on  the  number  of  SL  quantum  wells  that  can  be 
grown.  Over  30%  modulation  of  the  transmitted  light  has  been  observed,  when  substrate 
attenuation  is  excluded.  We  have  also  demonstrated  in  a  preliminary  fashion  the  feasibility  of 
optically  addressed  SLM  using  a  detector/modulator  monolithically  integrated  on  the  same  chip. 

Since  1987,  we  have  entered  into  the  second  phase,  namely  modulator  design  optimization. 
So  far,  we  have  established  a  fundamental  understanding  of  the  relationship  among  quantum 
well  depth,  quantum  well  thickness,  the  shift  of  the  exciton  peak  and  the  change  of  the 
magnitude  of  exciton  absorption  strength.  This  knowledge  is  important  to  both  the  choice  of 
negative  and  positive  EA  mechanisms  for  a  given  application  and  the  design  of  quantum  wells 
for  maximizing  the  modulation  effect  with  minimum  required  voltage  across  each  period  of  the 
QW.  We  have  shown  the  advantages  of  using  the  reflection  mode  and  the  issues  on  reflectors 
that  must  be  resolved  in  order  to  realize  the  potential  of  this  method.  We  have  identified  and 
characteiized  the  possible  mechanisms  of  substrate  and  buffer  layer  absorption  that  will  be 
avoided  in  future  devices.  In  the  one-year  continuing  grant,  AFOSR  contract  No.  89-0254,  we 
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intend  to  take  into  account  all  of  these  considerations  in  order  to  obtain  a  p-i-n  reflection 
modulator  with  reasonably  large  modulation  depth  (e.g.  larger  than  50%)  and  low  operating 
voltage  (e.g.  5  volts).  In  addition  we  are  fabricating  a  2  dimensional  array  of  p-i-n  modulators 
for  Phof.  Sadik  Esener  to  use  either  electron  beam  or  microchannel  plate  to  address. 

A  number  of  issues  remain  to  be  unresolved.  These  issues  are  very  important  to  the 
successful  operation  of  such  a  modulator  array.  They  include: 

(1)  The  capacitance  of  the  p-i-n  modulator  diode. 

(2)  The  linearity  of  the  modulator,  and,  if  necessary,  methods  to  improve  the  linearity. 

(3)  The  extinction  ratio  and  the  linear  dynamic  range. 

(4)  The  insertion  loss  and  the  potential  of  using  positive  EA  for  reduction  of  insertion  loss. 

(5)  The  effect  of  the  voltage  drop  on  the  p-i-n  reverse  biased  diode  created  by  the  generation  of 
earners  by  the  signal  radiation.  As  an  alternative,  the  use  of  ER  for  modulation  would 
minimize  the  photo  generated  carriers. 

These  issues  will  be  investigated  during  the  one-year  period  of  contract  AFOSR  89-0254  as 
time  permits. 
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TABLE  2. 

The  mechanisms  by  which  the  quantum  well  parameters  affect  the  electroabsorption 

characteristics.  The  "+"  sign  indicates  and  enhancement  of  the  EA  effect,  sign  indicates  a 
reduction. 

Cause  Effect  Positive  Negative 

EA  EA 


Increase  Lj 

Smaller  f 

— 

— 

AE/F^  larger 

+ 

+++ 

AI/Fsup2  larger 

— 

+ 

AI/AE  larger 

— 

+ 

Larger  forbidden  level  spacing 

- 

Smaller  interface  roughness  broadening 

++ 

++ 

Larger  field  monuniformity 

— 

— 

Decrease  AEc 

Smaller  f 

— 

— 

AEv 

AE/F^  larger 

+ 

+++ 

AI/F^  larger 

— 

+ 

AI/AE  larger 

+ 

Larger  forbidden  level  spacing 

- 

Smaller  interface  roughness  broadening 

++ 

++ 

Increase  Eg 

Larger  f 

++ 

++ 
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Figure  2.  (a)  Absorption  spectra  and  (b)  electrorefraction  spec 

of  the  60  quantum  well  InGaAs/GaAs  structure  fabricat 
at  MIT  Lincoln  Laboratory. 
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Fig. Aa.  Schematic  of  the  sample  MBE  473 
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Fig.  4c. Schematic  of  the  sample  MBE  476 
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Fig.  4d. Schematic  of  the  sample  MBE  514 
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Fig.  5a.  Absorption  and  electro— absorption  spectra  of 
sample  MBE-473. 
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Fig.  9.  Schematic  of  the  sample  MBE  5/2 
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Fig.  10a.  Transmission  spectra  of  the  superlattice  (MBE  661) 
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Fig.  10b.  Transmission  spectra  of  the  superlattice  (MBE  662). 
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Fig. iL  Schematic  of  the  sample  MBE  662 
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Fig. 13.  Illustration  of  the  experiment  demonstrating  the 
monolithically  integrated  detector/modulator  pair 
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A  NEW  SEMICONDUCTOR  DEVICE  -  THE  GATE-CONTROLLED  PHOTODIODE: 
DEVICE  CONCEPT  AND  EXPERIMENTAL  RESULTS 
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Department  of  Electrical  and  Computer  Engineering,  C-014 
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Abstract 


A  new  semiconductor  device  -  the  gate-controlled  photodiode  (GCPD)  has  been 
presented.  Basically,  the  GCPD  is  a  photodetector  whose  external  quantum  efficiency  can 
be  modulated  by  an  applied  gate  voltage.  In  its  linear  region,  the  GCPD  is  a  multiplier  of  the 
incident  light  intensity  and  gate  voltage.  Its  potential  applications  include  optical  matrix 
multiplication,  matrix  inversion,  etc.  This  device  has  been  demonstrated  experimentally  in 
Si,  but  might  be  applied,  as  well,  to  compound  semiconductors.  Ten  nanosecond  response 
time  and  a  nonlinearity  of  less  than  3%  within  30-dB  range  of  light  intensity  and  within  23- 
dB  range  of  gate  voltage  have  been  obtained  thus  far. 


I.  Introduction 


Recently  a  new  semiconductor  device,  the  gate-con  rolled  photodiode  (GCPD),  has  been 
conceived  and  developed  which  can  be  incorporated  in  a  two-dimensional  (2-D)  GCPD  array 
where  it  may  fulfill  the  combined  function  of  an  electrically  addressed  2-D  spatial  light 
modulator  (SLM)  and  a  photodetector  array.  Potential  applications  are  for  optical  signal 
processing  and  computing,  such  as  optical  matrix  multiplication  and  matrix  inversion. 

Figtire  1  illustrates  schematically  the  GCPD.  It  consists  of  a  p-n  diode  with  its  depletion 
region  interconnected  with  the  depletion  region  under  a  MOS  gate.  This  gale  is  made  of 
transparent  material  (e.g.  poly-Si)  while  the  p-n  jimction  diode  is  covered  by  a  metal  electrode.  If 
optical  radiation  at  a  wavelength  shorter  than  the  absorption  edge  of  the  semiconductor  material 
is  incident  on  the  device,  then  photocurrent  will  be  generated  in  the  depletion  region  under  the 
MOS  gate.  The  function  of  the  p-n  junction  diode  is  to  collect  the  photocurrent.  If  the  absorption 
length  of  the  optical  radiation  in  such  a  semiconductor  is  larger  than  the  depletion  depth  Xj,  as 
shown  in  Fig.  1 ,  only  the  electron-hole  pairs  generated  within  the  depletion  region  are  converted 
into  a  photocurrent.  The  electron-hole  pairs  generated  outside  the  depletion  region  will 
recombine,  they  do  not  contribute  significantly  to  the  photocurrent  except  by  diffusion.  Hence, 
for  a  substrate  with  short  diffusion  length,  the  photocurrent  generated  under  the  MOS  gate  is 
proportional  approximately  to  the  depletion  depth  Xj.  For  a  MOS  structure  biased  below  its 
inversion  threshold,  the  depletion  depth  Xj  is  controlled  by  the  gate  voltage  Vc.  Very  few 
carriers  are  generated  in  the  depletion  region  of  the  p-n  junction  diode  because  the  radiation  is 
blocked  by  the  metal  electrode.  Thus,  for  reasonably  long  gates,  the  photocurrent  7^*  is 
proportional,  approximately,  to  the  product  of  the  light  intensity  and  the  depletion  depth  Xj 


which,  in  turn,  is  a  function  of  Vc. 


It  is  assumed  that  in  the  depletion  region  along  the  direction  parallel  to  the  semiconductor- 
oxide  interface  there  are  drift  and  thermal  diffusion  of  the  charge  carriers.  This  is  different  from 
conventional  photodiodes  in  which  drift  is  the  dominant  transport  mechanism.  Diffusion  is  slow, 
and  it  may  limit  the  speed  of  response  of  the  device.  In  order  to  increase  the  drift  velocity,  a 
special  device  structure  using  a  stepped-oxide-thickness  gate  has  been  investigated 
experimentally  in  order  to  increase  the  transverse  electric  field. 

In  Section  n  the  device  physics  of  GCPD  is  described.  Section  in  is  concerned  with  the 
experimental  device  structure  and  its  fabrication,  and  the  experimental  results  are  reported  in 
Section  IV.  The  potential  applications  are  discussed  briefly  in  Section  V. 

n.  The  Device  Physics 

The  basic  physical  structure  of  the  GCPD  is  shown  in  Fig.  1.  Although  samples  with  p- 
type  substrates  have  also  been  fabricated,  we  discuss  here  primarily  devices  fabricated  on  n-type 
substrates.  The  behavior  of  p-substrate  devices  is  considered  to  be  analogous  to  the  n-substrate 
devices. 

ILl  Dark  Current 

Let  the  p-n  junction  diode  be  reverse  biased  at  V/  while  the  gate  voltage  is  negatively 
biased  at  Vg-  absence  of  optical  radiation,  carriers  are  thermally  generated  in  the 

semiconductor.  The  thermally-generated  electron-hole  pairs  in  both  the  gate  depletion  region  and 
the  p-n  junction  depletion  region  constitute  the  dark  current. 
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According  to  the  theoretical  arguments  of  Grove  and  Fitzgerald,  the  total  dark  current.  Ip, 

in  a  GCPD  consists  of  three  components:  (1 )  The  cunent  generated  in  the  p-n  junction  depiction 

region, /j„  /,  (2)  The  current  generated  in  the  gate  depletion  region, and  (3)  The  current 

f21 

generated  in  the  surface  layer  of  the  gate  depletion  region,  Ig,„_s  \  i.e. 

~  ^gtn.G  "i"  ^gen,S‘ 

Igtnj  and  Igen^c  be  expressed  in  terms  of  the  bulk  generation  rate  and  the  volumes  of  the 
respective  depletion  regions.  The  surface  generation  current  Ig,„  s  can  be  e-xpressed  in  terms  of 
the  surface  generation  rate  and  the  surface  area  of  the  depletion  region.  Thus, 

Igtn,J  -<lUVjD> 

^gen,G  -  QD, 

and 

^g*n,S 


where  q  is  the  electron  charge,  U  is  the  bulk  generation  rate,  Uj  is  the  surface  generation  rate,  Vjp 
is  the  volume  of  the  p-n  jtmction  depletion  region,  Vcd  is  the  volume  of  the  gate  depletion 
region,  and  A,  is  the  surface  area  of  the  gate  depletion  region. 

Let  the  depletion  depth  under  the  MOS  gate  have  a  uniform  value,  Xj,  then  the  dark  current 
Ip  may  be  expressed  is  Ip  =  qUVjp  +  qU-{AjXj)  +  qUsAj  ,  which  may  be  rewritten  as 


Ip  ~  qUVjp  +  qUAt 


U, 


(1) 


An  estimate  of  the  ratio  U,IU  can  be  made  on  the  basis  of  the  Shockley-Read-Hall  theory 
of  recombination-generation  processes.  Assuming  that  the  effective  capture  cross-section  of 
the  bulk  and  surface  trapping  centers  are  the  same,  we  may  express  this  ratio  as  follows: 
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UjlU  for  single-level  centers 


and 


UsIU  =  Dj,ID„  for  uniformly-distributed  centers. 


where  N,  is  the  concentration  of  single  level  bulk  recombination-generation  centers,  Nj,  is  the 

density  of  single  level  surface  centers,  D,  is  the  concentration  of  uniformly-distributed  bulk 

centers  and  Dj,  is  the  density  of  uniformly-distributed  surface  centers.  For  single  level 

recombination-generation  centers  with  energy  level  Ei=Ei,  where  E;  is  the  intrinsic  Fermi  level, 

or  for  uniformly-distributed  recombination-generation  centers  within  the  forbidden  gap,  one 
f21 

obtains  a  sunple  result  , 

U,IU  =  S^T„ 

where  5<,  is  the  surface  recombination  velocity  of  a  depleted  surface,  and  Tg  is  the  carrier  lifetime 
within  the  depletion  region.  Typical  values  of  Sg  on  thermally  oxidized  silicon  surfaces  are  of  the 
order  of  1  to  10  cm/sec.  Typical  values  of  Tg  are  of  the  order  of  1  to  10  ^sec  Thus,  typical 
values  of  SgTg  are  of  the  order  of  10""  to  1  pm. 


IL2  The  Photocurrent 

Equation  (1)  may  be  used  to  express  photocurrent  1^^  in  the  GCPD,  provided  that  the 
thermal  generation  rates  are  replaced  by  photo-generation  rates. 

When  a  laser  beam  with  power  Pl  illuminates  the  gate  area  A,  of  the  GCPD,  the  photo¬ 
generation  rate  in  the  semiconductor  under  the  gate  is  given  by 


a 


(2) 
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where  d  is  the  absorption  length,  is  the  incident  photon  flux  per  unit  area,  given  by 
(j)o  =Pi.(l-Y)//4j-/iv,  where  yis  the  total  fractional  optical  radiation  loss  of  the  stnicture  due  to  the 
absorption  and  the  reflection  of  the  poly-Si  gate  and  the  oxide,  ■'nd  the  reflection  of  the  Si.  The 

photocurrent  contributed  by  the  gate  depletion  region  is  given  by  Ip/,  Q  =  <?  J  Gdv  =  qA^  j  G  {x)d.x 

VcD  0 


.  Thus,  using  Eq.  (2),  one  may  obtain 

^ph.G  = 


X, 

\-e~ 


•A-. 


(3) 


The  carriers  generated  within  a  diffusion  length  outside  the  depletion  region  may  also  contribute 
to  the  photocurrent.  If  they  are  taken  into  account,  Eq.  (3)  becomes 


exp(~  Xdfd) 
1+Lpld 


As, 


(4) 


where  Lp  is  the  hole  diffusion  length.  For  most  cases,  Lp  <  <  d,  thus  Eq.  (4)  reduces  back  to  Eq. 
(3). 

Under  the  assumption  that  the  absorption  in  the  depletion  region  is  uniform,  i.e.  Xj  <  <  d, 
Eq.  (3)  becomes 

!ph.G  =  nq~iA,Xj).  (5) 


From  Eq.  (2),  for  -<c  r/,  G  =  Gq  =q 


<Pc 


Thus,  Eq.  (5)  may  be  rewritten  as 


IpH,G  =  qGAAsXu).  (6) 

For  thermal  generation,  the  surface  layer  of  a  depletion  region  is  considered  to  have  a  much 
higher  generation  rate  than  that  of  the  bulk  due  to  a  much  higher  density  of  recombination- 


-6- 


generation  centers  at  the  surface  layer.  For  optical  generation,  the  role  of  recombination- 
generation  centers  is  considered  of  no  significance.  Our  experimental  results  also  indicate  that, 
for  photoexcitation  with  photon  energy  slightly  larger  than  the  band  gap  of  the  semiconductor, 
the  surface  generation  process  is  not  imponant.  Then,  the  total  photocurrent  Ip/,  in  the  GCPD  may 
be  expressed  by  Eq.  (6),  i.e.  Ip/,  =  Iph,c-  Note  that  the  photo-generation  rate  in  the  p-n  junction 
depletion  region  is  negligible  because  the  incident  light  is  blocked  by  the  metal  electrode. 


IL3  The  External  Quantum  Efficiency 

The  external  quantum  efficiency  is  defined  as  the  number  of  electron-hole  pairs 
generated  per  incident  photon,  which  contribute  to  the  photocurrent 

y\.  =  {Ipklq)fiPLfhyi).  (7) 

It  is  usually  convenient  to  measure  experimentally  the  responsivity,  which  is  defined  here  as  the 

f41 

ratio  of  the  photocurrent  to  the  opucal  power  *, 


R  = 


^ph 

J7^T^ 


From  Eq.  (6),  one  obtains  =  qGgA^Xj  =  -qq—A^Xj  ,  which  leads  to 


d' 


(8) 


(9) 


where  we  have  neglected  the  total  loss  coefficient  y.  Thus, 


R=IpklPL 


hv 


d 


(10) 


and 


-  /  - 


T\e  = 


d 


(11) 


The  gate  voltage  controls  the  depletion  depth  and  the  external  quantum  efficiency  q,. 


rL4  The  Depletion  Depth  Xj 

The  relationship  between  Xj  and  Vc  depends  on  factors  such  as  doping  profile,  oxide 
thickness,  space  charges  in  the  oxide  layer;  these  may  be  due  to  ionic  contamination,  or 
electrically  active  lattice  defects,  interface  states,  etc. 

For  a  MOS  structure,  it  is  well  known  that 

Vg-Vfb=-^+^s  (12) 

^0 


where  VpB  is  the  flat  band  voltage,  9j  is  the  charge  per  unit  area  contained  in  the  depletion  layer 
of  the  semiconductor,  Co  is  the  capacitance  per  unit  area  of  the  oxide  layer,  and  is  the  surface 
potential  of  the  semiconductor.  Under  the  depletion  approximation  and  for  a  uniformly  doped 
substrate,  is  given  by 


2eie„ 


where  Np  is  the  donor  concentration,  e  ^  is  the  dielectric  constant  of  silicon,  and 

is  the  permittivity  of  free  space,  8,859xl0”'‘*  F  -cm"* .  For  negative  Vq  when  1  Vc  i  2  i  V7-  ] , 

where  is  the  inversion  voltage,  we  have 
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then 


[61 


X.= 


Co 


1+ 


2\Vc-Vf8\CI 


'/t 


-1 


.for  IVfsl  <  |Vcl  <  l^rl-  (13) 


Here  Q  is  givea  by 


C  = 


X.  ' 


where  Xg  is  the  oxide  layer  thickness,  and  €  is  the  dielectric  constant  of  SiO^- 

When  Vg-Vt,  Xj  will  reach  its  maximum  value.  In  GCPD,  there  is  a  p-n 

[2] 

junction  interconnected  with  the  MOS  structure.  Thus  non-equilibrium  MOS  theory  should  be 

used  to  estimate  this  value  in  order  to  take  into  account  the  effect  of  the  p-n  junction  on  the  MOS 

[21 

Structure.  A  good  approximation  of  for  the  short-gate  GCPD  is  given  by 


:g]Vy^2df\ 


(14) 


where  Vj  is  the  junction  voltage  of  the  p-n  junction  diode,  and  =  {Ei-Ef)lq.  Ep  is  the  Fermi 
level  of  the  semiconductor  and  £,  is  the  intrinsic  Fermi  level.  Thus  the  dynamic  range  of  Vq 
depends  on  Vj. 

Equation  (13)  derived  for  no  illumination  is  considered  to  be  still  valid  when  the  density  of 
the  photo-generated  carriers  is  much  smaller  than  Np 


ELS  Transport  Mechanisms 

In  the  depletion  region  under  the  gate,  when  electron-hole  pairs  are  generated  by  optical 
radiation,  the  electric  field  separates  them,  and  the  electrons  and  holes  drift  in  opposite  directions. 
In  a  GCPD  with  n-type  substrate  and  biased  negatively,  all  photo-generated  electrons  may  drift 
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toward  the  grounded  substrate  to  contribute  to  the  photocuirent  measured  in  the  external  circuit. 
The  hole  transport  mechanism,  however,  is  more  complicated.  In  the  gate  depletion  region, 
photo-generated  holes  transfer  in  the  transverse  direction  parallel  to  the  semiconductor-oxide 
interface  toward  the  p-n  junction.  Only  those  holes,  which  reach  the  p-n  junction,  contribute  to 
the  photocurrent.  In  a  MOS  structure  not  connected  to  a  p-n  jimction  diode,  there  is  only  a 
longitudinal  electric  field  in  the  direction  normal  to  the  semiconductor-oxide  interface.  In  the 
GCPD,  the  transverse  electric  field  generally  is  weak  except  for  the  region  near  the  p-n  junction. 
Hence,  diffusion  plays  an  important  role  in  hole  transport. 


Suppose  the  transverse  electric  field  Ey  is  zero  everywhere  under  the  gate  oxide  except  at 

y  =  L.  In  that  case,  the  gradient  of  the  hole  concenu-ation  along  the  y  direction  is  small  at 

V  =  0.  At  y  ss  L,  there  is  a  strong  Ey  that  produces  a  large  drift  velocity,  thus  the  hole 

concentration  is  low.  Transport  of  holes  along  the  y  direction  can  then  be  modeled  by  the 

solution  of  the  diffusion  equation  subject  to  the  following  boundary  conditions:  Zero  hole 

gradient  at  y  =  0  and  zero  hole  concentration  at  y  =  L.  Such  a  solution  had  been  obtained  by 

rsi 

Carnes  et  al.  From  this  solution,  one  may  obtain  the  total  number  of  holes  remaining  at  time 
U  ^wf(0.  in  the  depletion  region  under  the  gate  oxide  as 


A'wfCO  =  —  A^w»(<7)exp 
ir 


(15) 


where  =4L~l7rDp,  Dp  is  the  hole  diffusion  constant.  Equation  (15)  implies  that  the  decay  of 
the  photo-generated  holes  in  the  depletion  region  under  the  gate  due  to  diffusion  alone  is 
exponential  in  time  with  decay  constant  tj.  The  calculated  Tj  verstis  gate  length  L.  for  both  n- 
and  p-substrate,  are  shown  as  dashed  curves  in  Fig.2. 
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In  reality,  the  drift  also  plays  a  role  in  hole  transport  in  the  GCPD.  In  the  cases  of  short- 
gate  devices  or  stepped-gate  oxide  devices,  the  drift  mechanism  will  dominate.  The  value  of 
4L~lvrDp  is  only  the  upper  limit  of  the  response  time  in  a  GCPD.  An  investigation  on  transport 
mechanisms  based  on  solving  2-D  Poisson’s  equation  and  continuity  equations  will  be  reponed 
elsewhere. 

rn.  Device  Structure  and  Fabrication 

GCPDs  with  poly-Si  gates  have  been  fabricated  on  both  n-  and  p-type  silicon  substrates. 
Figme  3  shows  the  structure  of  the  GCPD  as  actually  implemented.  Figure  4  shows  a  top-view 
photomicrograph  of  a  GCPD  sample  with  75-pm  gate  length.  The  experimental  GCPD 
incorporates  the  major  features  of  the  structiu-e  shown  in  Fig.  1  with  some  modifications.  One 
modification  is  the  use  of  an  n~/n*  epitaxial  substrate,  another  modification  is  the  use  of  an  n* 
-doped  ring.  The  objective  of  the  modifications  is  to  minimize  series  resistance.  The  150  pm 
thick  n'*'  -substrate  is  phosphorus-doped  with  doping  concentration  Np  =  1x10*’  cm~^  (0.006 
-cm  resistivity),  while  the  15  pm  thick  n“-epitaxial  layer  has  Np  =4x10*“*  cm~^  (11  -  12  Q-cm 
resistivity).  These  epitaxial  wafers  are  <100>-oriented.  Gate  lengths  are  75  pm,  35  pm,  25  pm, 
and  15  pm. 

The  fabrication  procedure  started  with  the  cleaning  of  silicon  wafers.  A  1-pm-thick  field 
oxide  was  thermally  grown  by  the  wet  oxidation  process  at  lOSOdegreeC  and  then  selectively 
etched  in  buffered  HF  to  define  the  n'*'-ring  area.  After  the  /j''’-ring  was  formed  by  phosphorus 
diffusion,  a  gate-oxide  of  lOOOangstrom  was  then  grown  in  dry  O2  at  llOOdegreeC  on  the  gate 
area.  Then  the  SOOOangstrom  thick  poly-Si  was  deposited  at  625degreeC  by  LPCVD.  The  poly- 
Si  gate  was  patterned  by  photolithography  and  plasma  etching.  Boron  diffusion  was  carried  out 
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simultaneously  for  both  the  /? "^-region  of  the  p-n  junction  diode  and  the  poly-Si  gate  -  this  is  a 
so-called  "self-alignment  diffusion  process".  After  high-temperature  annealing  in  Ar  at 
lOOOdegreeC  for  30  min,  the  contact  windows  were  opened  and  the  A1  electrodes  were  formed. 
Then,  the  samples  were  annealed  in  forming  gas  (10%  hydrogen  and  90%  nitrogen)  at 
450degreeC  for  30  min. 

After  the  above  process,  the  density  of  the  fixed  oxide  charge  was  determined  to  be  about 
3xl0'°  cm~~,  and  the  interface  state  density  was  determined  to  be  less  then  2.5xl0'°  cm~-,  from 
the  C-V  measurements.  The  flat-band  voltages  Vpg  were  determined  to  be  -0.3  V  to  -0.5  V. 

rv.  Experimental  Measurements 


rv.l  The  Experimental  Evaluation  Setup 

The  experimental  setup  is  illustrated  in  Fig.  5.  A  cw  semiconductor  laser  with  0.84-ia,m 
wavelength  is  used  as  the  light  source.  Its  maximum  output  power  is  5.5  mw,  and  its  response 
time  is  1  ns.  The  relationship  between  electrical  current  input  and  optical  output  of  the 
semiconductor  laser  was  calibrated  accurately.  The  gate  voltage  Vq  of  the  GCPD  is  defined  as 
the  voltage  between  the  gate  and  the  substrate  and  was  supplied  by  either  a  D.C.  source  or  a  pulse 
generator.  The  photocurrent  is  measured  through  a  sampling  resistor  /?„. 

rv.2  Responsivity  and  Photocurrent 

If  we  neglect  the  surface  photo-generation  current  and  the  diffusion  of  the  carriers  into  the 
depletion  region  from  the  substrate,  the  responsivity  R  and  the  photocurrent  Ip/,  of  the  GCPD  are 
given  by  Eqs.  (9)  and  (10).  The  dependence  of  Xj  on  Vq  is  given  by  Eq.  (13).  Combining  Eq. 
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(13)  with  Eq.  (9).  we  obtain  the  dependence  of  on  both  and  Vq: 

r  ]  -1  .for  IV'fBl^iV'cl^lV^rl-  (16) 

hv  d  Co 

The  computed  curves  of  I  pi,  versus  Pl,Vq  as  &  parameter,  are  shown  in  Fig.  6  and  Fig.  7. 
Equation  (16)  is  valid  for  substrates  with  uniform  doping  profile  when  the  effect  of  the  p*  region 
on  the  depletion  region  under  the  gate  can  be  neglected.  Figiu-e  6  also  shows  the  experimental 
data  for  the  75-^m  gate-length  GCPD.  For  Vc  ^  —2V,  the  data  agree  with  Eq.  (16)  well.  In  Fig. 
7,  for  the  25-jim  gate-  length  sample,  the  experimental  data  deviates  from  Eq.  (16)  for  Vc  >-  10 
V.  This  deviation  is  attributed,  in  part,  to  the  effect  of  p*  region  on  the  depletion  region  under 
the  gate.  In  the  case  of  shorter  gate  length,  one-dimension  approximation  is  no  longer  valid,  and 
two-dimension  analysis  must  be  used. 

Figure  8  shows  the  calculated  and  the  measured  responsivity  R  versus  Vc  for  75-}im,  35- 
lun  and  25-jrm  ^ate-Iength  samples,  respectively.  Note  that  the  measured  responsivity  is  not  zero 
at  zero  gate-voltage  for  all  the  samples.  When  Vc  =  0,  there  is  no  depletion  layer  under  the  gate. 
Probably  the  zero-gate-voltage  photocurrent,  is  due  to  the  carriers  generated  near  the  p-n 
junction  within  a  hole -diffusion  length  range  as  illustrated  in  the  inset  in  Fig.  9.  In  order  to  verify 
this  explanation,  let  the  gate  width  be  unity,  then  we  have 

^pKo  ~  qCg'Lp(Xj-i-w\ 


where  Lp  is  the  hole  diffusion  length,  Xj  is  the  junction  depth,  and  w  is  the  depletion  depth  of  the 
p-n  jimction.  Assuming  uniform  absorption,  we  obtain 


Pl 
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Here  A,  =  L.  Thus 


r\q  Lp{Xj+w) 
iph  o  -  - — —  P' 


hM 


Ld 


and 

_  ^pit.o  _  x\q 

" "  Tr~i^ 


(17) 


Taking  =  5  |im,  Xy+w  =  12  |im,  we  obtain  the  curve  of  Ro  versus  L,  shown  in  Fig.  9.  The 
experimental  data,  plotted  as  solid  circles,  are  in  agreement  with  the  theoretical  curve. 

Figure  10  shows  a  plot  of  Iph  versus  Vq,  with  as  a  parameter,  for  L  =  25  p.m.  The 
linearity  of  the  experimental  data,  for  both  Iph  versus  and  Iph  versus  Vq,  has  been  determined 
based  on  the  data.  Using  the  method  of  least  squares,  we  fmd  straight  lines  which  are  able  to  fit 
the  experimental  data  best,  and  then  calculate  the  deviations  of  the  experimental  data  from  these 
lines.  For  15-iim  and  25-|j.m  gate  length  samples,  within  the  ranges  of  the  light  intensity  Ig  from 
2  mw/cm*  to  2000  mw/cm",  and  Vq  from  0.1  V  to  20  V,  the  mean  relative  deviation  is  less  than 
3%  for  both  the  relationships  of  Iph  versus  P^.,  and  Iph  versus  Vq-  For  35-|im  and  75-  |im  gate 
length  samples,  the  mean  relative  deviations  are  3.8%  and  5.5%,  respectively. 

In  the  case  of  thermally  generated  carriers,  when  the  surface  is  depleted,  recombination- 
generation  centers  at  the  oxide-silicon  interface  provide  yet  another  contribution  to  the  total 
generation  current.  There  is  a  sharp  jump  in  the  total  thermally  generated  current  versus  gate 
voltage  characteristics  However,  no  such  leap  in  the  Iph  versus  Vq  characteristics  has  been 
observed  for  the  X  =  0.84  [im  light  incident  on  the  Si  GCPD  (see  Fig.  10). 
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IV_3  Response  Time 

Both  optical  and  electrical  response  times  of  GCPD  samples  were  measured.  Here  the  rise 
time  is  defined  as  the  time  within  which  the  electrical  output  of  the  GCPD  (Le.-fphRo  in  Fig.  5) 
e~l 

reaches  the -  (=  0.63)  of  its  ma.ximura  value  for  an  optical  or  electrical  square  pulse  input, 

e 

while  the  decay  time  is  defined  as  the  time  after  which  the  output  of  the  GCPD  decays  to  the  — 

e 

(=  0.37)  from  its  maximum  value.  In  our  experiment,  the  decay  time  is  equal  to  the  rise  time 
approximately. 

Figure  2  shows  the  experimental  data  of  optical  response  time  (solid  circles  and  triangles), 
for  GCPD  devices  with  different  gate  lengths,  on  both  n-  and  p-type  substrates.  Obviously,  the 
response  time  depends  on  the  minority  carrier  mobility  and  the  gate  length.  For  longer-gate 
devices,  the  experimental  data  are  closer  to  the  calculated  time-constant  curves  based  on 
diffusion. 

Generally  speaking,  the  transverse  electric  field  is  weak  in  a  GCPD,  as  discussed 
previously.  In  order  to  increase  the  transverse  electric  field,  the  devices  with  stepped  gate-oxide 
have  been  made.  Preliminary  results  indicate  one-order-of-magnitude  improvement  in  response 
time. 

Figure  2  also  shows  the  experimental  data  of  the  electrical  response  time  (hollow  circles 
and  triangles).  In  this  case  the  optical  power  is  kept  constant  while  the  gate  voltage  is  in  the  form 
of  electrical  square  pulses.  Significant  differences  between  electrical  response  and  optical 
response  may  be  observed  only  for  15-^-gate -length  samples.  This  difference  is  attributed  to 
the  additional  RC  time  constant  which  is  used  to  establish  the  depletion  region.  This  RC  time 
constant  should  be  added  to  the  carrier  transit  time.  Hence,  the  response  time  of  the  electrical 
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pulse  is  greater  than  that  of  the  optical  pulse.  In  the  GCPDs  with  n~  -  n*  ox  p~  -  p*  epita.xial 
substrates,  the  RC  time  constants  are  on  the  order  of  several  ns.  For  GCPD  devices  with  response 
times  greater  than  a  hundred  nanosecond,  this  difference  cannot  be  observed. 


rv.4  Dynamic  Range 

The  dynamic  range  of  of  a  GCPD  will  be  limited  by  the  saturation  of  R  at  large  negative 
gate  voltage  at  the  upper  end  and  by  the  nonzero  R  at  Vq  near  zero  at  the  lower  end. 

In  the  depletion  approximation,  the  maximum  value  of  the  depletion  depth  Xj  is  given  by 

12] 


ql^D 


The  gate  voltage  at  which  X^t  reaches  this  value  is  defined  as  the  inversion  voltage,  Vj.  The 
starting  point  of  depletion  under  the  gate  oxide  is  at  Vq  =  Vp^.  Hence,  Eq.  (16)  is  valid  only 
within  the  range  of  Vq  given  by 

IV^al^lVcI^IVrl. 

where  Vt-  is  a  function  of  Vj.  In  principle,  this  range  may  be  defined  as  the  ultimate  limit  of  the 
dynamic  range  of  Vq. 

For  the  upper  limit,  as  Vq  reaches  Vj,  Vq  can  no  longer  control  X^.  R  will  be  saturated  at 
Vq  =  Vp.  The  calculated  curves  of  R  versus  Vq,  using  V>  as  a  parameter  and  the  experimental 
measurements  are  shown  in  Fig.  11.  Basically,  the  experimental  data  agrees  with  the  above 
prediction.  However,  it  is  apparent  that  the  experimentally  measured  R  continues  to  increase  at 
gate  voltages  which  are  more  negative  than  the  calculated  Vj.  For  example,  for  the  25-iim  gate- 
length  sample,  the  calculated  Vp  is  -22.5  V  for  V>  =  -20  V,  but  R  is  absolutely  independent  of  Vq 
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only  for  Vq  ^  -40  V. 

On  the  other  hand,  for  the  lower  limit,  the  flat-band  voltage,  V/r^,  has  been  determined  to  be 
-0,3  V  to  -0.5  V  by  C-V  measurement.  Usually,  Xj  is  considered  to  be  zero  at  Vc  =  Vfs. 
However,  we  have  observed  a  photocurrent  at  Vij  =  0,  as  discussed  in  section  rv.2. 

The  detectable  minimum  optical  power  is  0.02  pw  for  75-  pm  gate  length  sample,  which 
corresponds  to  the  light  intensity  of  50  pw/cm". 

V.  Potential  Applications 

Within  the  range  of  where  Xj  is  approximately  linearly  dependent  on  Vc,  the  GCPD  is, 
in  effect,  a  multiplier  of  and  Vq.  Thus,  an  optical  matrix-vector  multiplier  based  on  a  GCPD 
array  may  be  obtained  Furthermore,  such  a  2-D  GCPD  array  may  serve  as  a  building  block 
for  other  optical  processors,  such,  for  example,  a  matrix  inverter. 

A  2-D  GCPD  array  may  be  used  for  matrix-vector  multiplication  as  follows.  Consider  the 
2-D  array  shown  in  Fig.  12,  which  consists  of  N  xN  GCPDs.  At  each  row,  the  p*  doped  regions 
of  adjacent  GCPDs  are  interconnected  to  each  other  via  a  p*  collector  bar.  There  are  thin  gate- 
oxide  layers  over  the  gate  region  close  to  each  p*  bar,  and  thick-oxide  layers  between  adjacent 
gates  in  different  rows.  At  each  column,  the  same  poly-Si  gate  strip  is  deposited  over  both  the 
thin  oxides  and  the  thick  oxides.  The  voltage  applied  to  the  poly-Si  gate  strip  induces  depletion 
layers  under  all  the  gates  in  the  same  column.  The  thick-oxide  layers  are  thick  enough  so  that 
there  are  essentially  no  depletion  layers  formed  under  the  thick-oxide  layers  in  the  normal 
operating  range  of  the  gate  voltage.  Let  Aij  be  the  optical  intensity  incident  on  the  GCPD  at  the 
ith  row  and  the  jth  column  and  Xj  be  the  gate  voltage  applied  to  the  jth  column.  All  the  devices  in 
the  ith  row  use  the  same  p*  collector  bar,  thus  the  photocurrent  at  the  ith  row  is  proportional  to 
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Y^AijXj.  Lei  Yi  be  this  photocurrent.  If  A  is  the  2-D  optical  input,  X  is  the  input  vector, 
;=i 

represented  by  the  gate  voltages,  then^ is  the  product  vector,  i.e. 

where  K  is  a  constant  of  proportionality.  Thus,  the  GCPD  array  is  capable  of  performing  the 
basic  matrix-vector  multiplication  operations. 

A  major  feature  of  a  GCPD  matrix  processor  is  its  high  parallelism.  In  such  a  processor,  the 
signal  detection,  multiplication  and  addition  are  carried  out  simultaneously.  The  intercotmection 
of  the  various  GCPDs  for  obtaining  the  summation  of  photocurrents  in  a  row  and  applying  the 
identical  to  all  the  devices  in  the  same  column  is  extremely  simple.  Thus,  a  large  array  can  be 
fabricated  in  a  fairly  simple  manner.  These  two  features  might  allow  operations  to  be  carried  out 
with  high  speed  on  large  matrices. 

The  GCPD  array  might  also  be  used  as  non-matrix  processors,  such  as  a  generalized 
crossbar  switching  network. 

VI.  Conclusion 

A  new  semiconductor  device,  the  gate-controlled  photodiode,  has  been  experimentally 
demonstrated.  In  this  device,  the  gate  voltage  Vq  controls  the  depletion  depth  and  modulates 
the  photocurrent.  Thus,  in  the  linear  rerion,  its  photocurrent  is  proportional  to  the  product  of  the 
gate  voltage  and  the  light  intensity.  Based  on  the  depletion  approximation  and  a  one-dimensional 
model,  a  simple  device  model  has  been  presented.  The  experimental  data  agree  with  the 
theoretical  predicted  performance  based  on  this  simple  model. 
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By  choosing  the  proper  doping  concentration  and  lifetime  of  the  carriers  in  the  substrate  and 
the  oxide  thickness.  GCPD  samples  with  ten-nanosecond  response  time,  and  non-linearity  of  less 
than  3%  within  30-dB  range  of  light  intensity  and  within  23-dB  range  of  gate  voltage  have  been 
obtained.  The  response  speed,  the  linearity,  and  the  dynamic  range  may  be  improved  in  the 
future  by  further  optimizing  the  design  of  the  GCPD.  For  example,  non-uniform  doping  profile 
may  be  utilized  to  improve  the  linearity  of  the  dependence  of  I  pi,  on  Vq-  On  the  other  hand,  it  is 
also  possible  to  design  a  GCPD  structure  that  has  more  enhanced  nonlinear  characteristics. 

A  2-D  GCPD  array  may  be  used  in  some  applications  such  as  matrix  inversion  to  serve  the 
function  of  the  2-D  SLM  and  the  photodetector  array.  It  has  a  higher  speed  than  that  of  presently 
available  2-D  SLMs.  It  may  play  an  active  role  in  optical  signal  processing  and  computing. 
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Figxire  1.  A  schematic  diagram  of  the  gate-controlled  photodiode  (GCPD). 

Figure  2.  Response  time  T  versus  gate  length  L  for  both  /i-and  /’-type  substrates.  Here 
Dn  —  18.3  cm~  •  S~*  andD^  =6.5  cm~  -5“'. 

Figure  3.  Cross-section  of  the  gate-controlled  photodiode  (GCPD)  with  poly-Si  gate.  iV~on 
epitaxial  strucmre  and  Af-ring  are  used  to  reduce  the  series  resistance. 

Figure  4.  A  200X  photomicrograph  of  a  GCPD  sample  (gate  length  L  =  75  \im). 

Figure  5.  A  schematic  diagram  of  the  experimental  setup. 

Figure  6.  Photocurrent  Ip/,  versus  optical  power  P^,  as  a  parameter,  for  75-}xm  gate 
length  GCPD. 

Figure  7.  Photocurrent  Ip/,  versus  optical  power  Pi,  Vo  as  a  parameter,  for  25-jim  gate 
length  GCPD. 

Figure  8.  Responsivity  R  versus  gate  voltage  Vq  for  different  gate-length  GCPDs. 

Figure  9.  Comparison  of  the  experimental  data  of  Rg  with  the  calculated  ciuve  based  on 

simple  model  shown  in  the  insert 

Figure  10.  Photocurrent  Iph  versus  gate  voltage  Vq,  optical  power  Pi  as  a  parameter.  Gate 
length  JL  =  25  \im. 

Figure  11.  Responsivity /?  versus  gate  voltage  for  different  junction  voltages. 


Figure  12.  A  top  view  of  the  proposed  GCPD  matrix-vector  multiplier. 
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